Abstract-The long-term performance degradation of five different types of commercial crystalline silicon (c-Si) photovoltaic (PV) modules (one sample for each type) in the tropics, or more specifically the tropical rainforest climate "Af" by the Köppen climate classification (Singapore), is investigated over a period of seven years, based on outdoor I-V measurements at 10-s intervals. The degradation rates of these c-Si PV modules, based on the temperature-corrected performance ratio, range from -0.03 to -0.47%/year, which satisfy the products' performance warranty. Further analysis of the short-circuit current (I sc ), open-circuit voltage, and fill factor for these modules shows that the performance degradation is mainly attributed to the I sc loss. The possible causes of the module performance deterioration are also discussed.
Analysis of the Long-Term Performance Degradation of Crystalline Silicon Photovoltaic Modules in Tropical Climates [1] . Over the past few decades, PV module manufacturers have worked diligently on improving the long-term reliability of their products, whereby the performance warranty has increased from 20 to 25 years or more. Furthermore, the warrantied power after 25-year life has increased from 80% to up to 92% [2] , [3] . However, despite the continuous efforts, PV modules are susceptible to various types of degradation in the field, such as corrosion of solder joints [4] , discoloration of encapsulants [5] , adhesion loss between encapsulants and other layers [6] , hotspots [7] , [8] , and potential-induced degradation (PID) [9] [10] [11] [12] [13] . The degradation modes and rates are both climate-and technologydependent [14] , [15] . Accelerated stress testing procedures are being developed to identify design, material, and process flaws that could cause early-stage failures. However, ensuring the performance of PV modules over 25 years in the field is extremely challenging.
With the rapid growth of the PV deployment, understanding the long-term performance of PV modules becomes highly valuable. Knowledge of module performance degradation rates is important for forecasting the energy yield from PV power plants over their operational lifetime. In addition, identifying degradation modes and possible root causes provides insights and guidance for future research and product developments. Several studies have investigated that the outdoor performance degradation of various PV module technologies at different locations [16] [17] [18] [19] [20] [21] , but information on the long-term reliability of PV modules installed in the tropics is limited. Furthermore, previous studies of module performance degradation in the tropics are mostly based on data collected for less than five years [22] [23] [24] . The present study investigates the long-term stability of five different types of crystalline silicon (c-Si) PV modules (one sample for each type), which were monitored over a period of seven years from September 2010 to August 2017 in Singapore (the tropical rainforest climate "Af" by the Köppen climate classification [25] ). We focus on the performance degradation rates of these modules, based on outdoor I-V measurements at 10-s intervals. The degradation modes and root causes of the performance loss are also studied and discussed.
II. EXPERIMENTAL DESIGN
The PV modules were installed in August 2010 on the rooftop of a building at the National University of Singapore (NUS) campus (1.301897°N, 103.77245°E), as shown in Fig. 1 . Five 2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. types of commercially available c-Si PV modules (one sample for each type) were monitored and analyzed. The information of the modules is summarized in Table I ; some specifications are deliberately withheld to keep the specific module models anonymous. They have been mounted on open racks with more than 1 m above the ground level to ensure good ventilation; they have been facing true south and were mounted slightly higher than the latitude tilt at 10°to allow sufficient self-cleaning. Each module has been individually monitored using high-precision maximum power point (MPP) trackers. I-V characteristics were measured at 10-s intervals, and the modules were operating at their MPPs between the I-V measurements to simulate the realworld operating conditions. The in-plane irradiance and module temperature (measured on the back of the modules) were also measured and logged every 10 s. No external high-voltage bias was applied to the modules; therefore, PID is not considered in this study. Most of the light-induced degradation (LID) had already occurred prior to the outdoor I-V measurements due to pre-conditioning. Both, the MPP trackers and the irradiance sensors were calibrated every two years according to the manufacturers' requirements. The irradiance sensors were cleaned once every week, whereas the modules were intentionally not cleaned; therefore, soiling losses are included in the overall degradation. Weekly checking of the modules was conducted to ensure that there were no substantial particles on the module surfaces and the irradiance sensor (e.g., bird droppings), and that there was a good adhesion of the temperature sensors to the back of the modules.
III. ANALYTICAL METHODS

A. Data Filtering
Two filters are applied to remove the non-representative data and outliers. A clearsky index (csi) filter of 30% width (i.e., 0.7 ࣘ csi ࣘ 1.3) is used to eliminate data collected during extremely cloudy conditions, which can cause noticeable errors to I-V measurements and produce low-quality data [26] . The csi is calculated by taking the ratio of the measured in-plane irradiance to the modeled clearsky in-plane irradiance [26] . The modeled clearsky in-plane irradiance is determined using the modeling tools in PVLIB [27] , based on site information such as longitude, latitude, and altitude, as described in [26] . The second filter is for irradiance thresholds [28] . A low ir- The low irradiance condition is mainly to remove nighttime data, non-uniform irradiance, and unstable scenarios [26] , [28] . On the other hand, high irradiances exceeding 1200 W/m 2 are mainly due to cloud reflections, since the modeled clearsky irradiance in Singapore is generally below 1000 W/m 2 [22] , [29] . More than 30% of the data are retained after the two filtering steps.
B. Performance Metrics
Temperature-corrected performance ratio (PR corrected ), defined by (1) , is used for the long-term module performance degradation analysis [26] . PR corrected is calculated at each timestamp and then aggregated into daily PR corrected based on an insolation-weighted average
where P MPP is the measured module power at MPP, P STC,rated is the rated module power at standard testing conditions (STC), G in−plane is the measured in-plane irradiance, G ref is the reference irradiance of 1000 W/m 2 , γ is the maximum power temperature coefficient and the value is based on the manufacturer's specifications, T module is the measured module temperature, and T ref is the reference temperature of 25°C.
To identify possible causes of performance degradation, the degradation trends of short-circuit current (I sc ), open-circuit voltage (V oc ), and fill factor (FF) are also analyzed. I sc , V oc , and FF are translated into the reference conditions (STC) by (2)- (5) [30]- [32] and then aggregated into daily values. V oc is not corrected for irradiance, which has only a small effect on the absolute values and a negligible effect on the degradation rate [30] 
where 
C. Degradation Analysis
The year-to-year (YOY) methodology is used to analyze the annual degradation rates of PR corrected , I sc , V oc , and FF. This method was proposed by Hasselbrink et al. [33] , with which they investigated the performance loss of 266 PV systems consisting of over 80 000 modules and having a total of 3.2 million module-years of operation. It was later validated and further improved by Jordan et al. [26] , [34] , where it was shown that the degradation rates of fielded modules estimated by the YOY method and measured by indoor flashing at STC are in good agreement. In addition, its performance was compared to the conventional standard least squares regression (SLS) approach. The YOY method has a number of advantages over the SLS approach, such as less filtering requirements and less sensitivity to soiling and seasonal variations [26] , [34] . However, the YOY method requires multiple years of data to obtain statistical significance [34] . As this study consists of seven years of data, the YOY method is an excellent match for our analysis. The YOY method calculates the rate of change between two points at the same time in subsequent years, which in this study is the same calendar days. Assembling all the data points produces a statistical distribution, and the annual degradation rate can be determined by the central tendency. In this study, the median of the distribution is used to estimate the degradation rate. Fig. 2 shows the degradation trends of PR corrected of various c-Si modules installed in Singapore. The double-glass mono-Si module exhibited the lowest performance degradation of -0.03%/year, while the conventional mono-Si module showed a slightly higher performance degradation with a degradation rate of -0.19%/year. The multi-Si, heterojunction (HIT), and interdigitated back contact (IBC) modules had similar degradation trends, with a performance decline of -0.46, -0.45, and -0.47%/year, respectively. It is difficult to make fair comparisons between specific c-Si PV module technologies due to the sample size and different module designs, since the types of encapsulants, backsheets, and edge sealants are all important to the long-term module reliability. Nonetheless, it can be concluded that, in general, c-Si PV modules meet the manufacturers' product performance warranty and are suitable for applications in the tropical climate. Twenty-five years of lifetime or more from c-Si modules can be expected, given that proper product quality control measures are taken (e.g., IEC qualification standards).
IV. RESULTS AND DISCUSSIONS
A. Module Degradation Rates
B. Analysis of Degradation Modes
Analyzing the I sc , V oc , and FF revealed that the cause of degradation for these modules is dominated by a change in I sc , while V oc and FF were relatively less influenced (see Fig. 3 ). Fig. 4 shows an example of the degradation trends of I sc , V oc , and FF for the multi-Si module. Visual inspections showed no visible changes in appearance to the front encapsulants for all c-Si modules, which is usually identified as a cause for current loss in fielded c-Si modules [8] . However, it is possible that the encapsulants (e.g., ethylene-vinyl acetate copolymers) have deteriorated during the long-term outdoor exposure, but the change in the materials' optical properties (e.g., transmittance loss in the ultraviolet range) might not be detectable by the human eye [35] , [36] . Osterwald et al. also reported that the gradual loss of I sc in c-Si modules could be related to a degradation process of the solar cells' p-n junction [37] . In addition, soiling effects may also have some contribution to the I sc degradation. However, soiling on PV module surfaces is a minor issue in Singapore if the modules are sufficiently tilted (∼10°), as the average number of rainy days is 167 and the mean annual rainfall total is more than 2000 mm [38] . Visual inspections on these modules showed insignificant soiling. On the other hand, discoloration of the cell-side backsheet was observed on the mono-Si module, which reduces the internal reflection and results in a lower current, but this has only a minor impact.
Furthermore, a noticeable increase in V oc (+0.10%/year, Fig. 5 ) was seen for the double-glass mono-Si module, which could suggest recovery from LID to some extent due to the dissociation of boron-oxygen defects [19] , [39] . The recovery of LID partially offsets the degradation in the double-glass monoSi modules, which is one of the reasons why it has the lowest performance loss. In contrast, the HIT module exhibited some loss in V oc (−0.12%/year, Fig. 5 ), indicating a slight deterioration in the surface passivation quality [19] , [40] .
C. Impact of the Data Filtering Procedure
The selection of filters is very important to the accuracy of the module performance degradation analysis. Jordan and Kurtz showed that different filtering criteria can lead to different results when evaluating the same dataset [28] . Therefore, different filtering criteria are applied to validate our analysis. First, the width of the csi filter is varied from 5% to 40%, while using the same irradiance thresholds (200 and 1200 W/m 2 ). Next, the G low is varied from 100 to 600 W/m 2 , while keeping the G high at 1200 W/m 2 and the width of the csi filter at 30%. The performance degradation rates of the investigated modules at different scenarios are summarized in Fig. 6 . The data points shown in black represent the results when the width of the csi filter is 30%, with a G low of 200 W/m 2 and a G high of 1200 W/m 2 . As shown in Fig. 6 , the performance degradation rates of various modules vary with the applied filtering criteria. In general, a more stringent csi filter yields slightly slower degradation for the multi-Si, mono-Si, double-glass mono-Si, and HIT modules, but the opposite is true for the IBC module. Compared with the csi filter, the low irradiance threshold shows more impact on the performance degradation rates, where the most change is seen for the multi-Si module. Increasing the G low generally leads to a larger degradation rate. However, the variations due to the filtering (including both the csi and irradiance filters) are well within the 95% confidence interval. Therefore, it can be concluded that the filters used in this study do not bias the findings and are justified. 
V. CONCLUSION
This study investigated the long-term performance degradation of five types of commercial c-Si PV modules in tropical Singapore over a period of seven years, based on outdoor I-V measurements using high-precision MPP trackers. The annual performance degradation rates of these c-Si modules, based on PR corrected , range from -0.03 to -0.47%/year. While it is difficult to differentiate between specific c-Si module technologies, it can be concluded that the products meet the manufacturers' long-term performance warranty (PID and LID are not considered) and are suitable for applications in the tropical climate. The cause of degradation for these modules was shown to be dominated by a loss in the I sc , which could be due to changes in the optical transmittance of the encapsulants, p-n junction degradation, and/or soiling effects. Moreover, the double-glass mono-Si module exhibited a noticeable increase in V oc , which indicates a recovery from LID. On the other hand, the HIT module suffered a substantial loss in V oc , suggesting changes in the surface passivation quality.
